Plasma dynamics in the early stage of laser ablation of a copper target are investigated in real time by making ultrafast electron shadow images and electron deflectometry measurements. These complementary techniques provide both a global view and a local perspective of the associated transient electric field and charge expansion dynamics. The results reveal that the charge cloud above the target surface is composed predominantly of thermally ejected electrons and that it is self-expanding, with a fast front-layer speed exceeding 10 7 m / s. The average electric field strength of the charge cloud induced by a pump fluence of 2.2 J / cm 2 is estimated to be ϳ2.4ϫ 10 5 V / m.
I. INTRODUCTION
The dynamics of plasma generated by the interaction of ultrashort, intense laser pulses, and target materials have been a subject of intensive investigation in recent years owing to its importance in a wide range of applications. These include laser ablation for micromachining, 1 pulsed laser deposition for film growth, 2, 3 and plasma acceleration of relativistic high-energy charged particles, 4 among others. 5 Previously, most measurements of laser-induced plasma dynamics were conducted using optical pump-probe experiments [6] [7] [8] [9] and time-of-flight mass spectroscopy. 10, 11 Although these studies have provided important insights into the processes of plasma formation and expansion, our understanding of plasma dynamics remains limited because of its great complexity and the acquisition of significant amount of this knowledge from theoretical simulation and modeling.
1, [12] [13] [14] In this study, we present real-time measurements of plasma dynamics during the early stage of laser ablation of a copper target by taking snapshots of the transient electric field at different times using an ultrashort pulsed electron beam, a technique dubbed femtosecond electron shadow imaging. [15] [16] [17] Specifically, by reducing the probe electron beam diameter to 75 m and tracing its deflection, we can measure the temporal evolution of an averaged electric field at a given beam passing distance from the surface and under a variety of pump intensities and probe beam energies. The combination of electron shadow imaging and electron deflectometry provide both an overall vision and a local view of the transient electric field and how the associated charge cloud evolves as a function of time, thus providing new insight into laser-induced plasma dynamics.
II. EXPERIMENTS
Femtosecond electron shadow imaging was first used for the precise synchronization of probe electron and pump optical pulses in femtosecond electron diffraction ͑FED͒ experiments. 15 As shown in Fig. 1 , shadow imaging exploits the pump-probe technique with a setup nearly identical to that of a FED. [18] [19] [20] [21] However, instead of the collinear arrangement of pump-probe beams used in FED, a cross-beam geometry is arranged by setting the target surface parallel to the probe electron beam and perpendicular to the pump laser beam. The pump optical pulses, carrying most of the beam energy at a wavelength of 800 nm and with a pulsewidth of 50 fs, were focused to 100 m on the sample surface to initiate the plasma dynamics. The probe laser beam, split from the same beam as the pump beam, was first sent to a third harmonic generator. Then the frequency-tripled beam a͒ Author to whom correspondence should be addressed. Electronic mail: jcao@magnet.fsu.edu. ͑Color online͒ Schematic of ultrafast electron shadow imaging and electron deflectometry. A femtosecond laser pulse is first split into pump and probe branches. The pump pulse strikes the sample, creating plasma and the associated transient electric field around the excited spot. The probe electron pulse, generated by the probe laser beam incident on a photocathode, is perturbed by this electric field while passing through the plasma region, creating a shadow at a point of time set by the optical delay line. The deflectometry measurements are realized by inserting a fine aperture in the electron beam path before the sample while keeping other experimental conditions in shadow imaging unchanged.
͑266 nm͒ was guided to a high-voltage electron gun to generate a subpicosecond probe electron beam, which is used to take a snapshot of the plasma dynamics. The time delay between the pump and probe pulses was controlled using a linear motion stage in the pump beam path. The probe electron energy could be tuned from 1 to 100 keV by adjusting the output voltage of the high-voltage power supply. As in the FED experiments, the time resolution in this study was also set by the temporal durations of pump ͑optical͒ and probe ͑electron͒ beams, together with the degradation related to the geometry and arrangement of the experimental setup. In both the shadow imaging and the electron deflectometry measurements reported here, the electron beam is left unfocused, resulting in a large transverse beam dimension of approximately 3 mm. This large diameter ͑low electron density͒ significantly reduces space-charge broadening effects, and consequently the electron pulse duration becomes much shorter than that in FED for a given number of electrons per pulse. An estimated pulse width containing 5000 electrons is about 500 fs at a beam energy of 80 keV and 1 ps at 20 keV. The degradation related to the geometry and arrangement of the experimental setup becomes the dominant factor determining the overall temporal resolution, however, because of the large interaction region of the probe electrons and the plasma field. For an interaction region of a few hundred micrometers, the degradation reduces the time resolution to a few picoseconds. This condition is distinct from a typical FED measurement, in which the time resolution is largely limited by the electron pulse duration or space-charge effect because a thin-film sample and a collinear pump-probe beam arrangement are used.
The target is high-purity copper ͑99.99%͒ with a finely polished surface and is mounted inside an ultrahigh vacuum ͑UHV͒ chamber that houses the pulsed-electron gun. In most of the experiments reported herein, the laser repetition rate was 10 Hz and pump fluence was 2.2 J / cm 2 . At this pump fluence the plasma plume ejected from the sample surface was clearly visible. To make electron shadow images, we left the electron beam containing approximately 5000 electrons per pulse unfocused and recorded 20 shots for each image. The excited spot on the sample was refreshed every 1000 laser shots to minimize the potential influence of sample ablation on the measurements. After the experiments, the copper sample was examined under an optical microscope. In the ablated region, a crater with a diameter less than 150 m was formed, matching the size of the focused pump beam diameter. We estimated the rate of material ablation under a pump fluence of 2.2 J / cm 2 to be slightly less than 10 nm/ pulse by dividing the depth of the crater by the total number of laser shots.
In addition to taking electron shadow images with the entire defocused electron beam, we also measured electron deflectometry using a confined beam with a diameter of 75 m produced by inserting a 75 m pinhole in the electron beam path before the copper plate. The pinhole was mounted on a motion stage and could be moved in and out of the beam path. In this way, both electron shadow images and electron beam deflection could be recorded under the same experimental conditions. As shown in the following discussion, these two sets of data are complementary, and together they provide a more detailed view of plasma expansion dynamics.
III. RESULTS AND DISCUSSION

A. Comparison of measurements with electron shadow imaging and deflectometry
As shown in Fig. 2 , shadow images exhibit strong time dependence, reflecting a transient electric field associated with the laser-induced plasma. In these images, time zero is defined as the time point corresponding to the appearance of the hemispherical shadow, which is barely discernible in the second shadow image. At negative time delays, the shadow images are the same as those created without pump, with part of the beam blocked by the copper sample, which leaves a sharp shadow edge corresponding to the sample surface on the detector. After "0 ps," a hemispherical shadow develops at the surface edge and extends into the originally bright area, gradually increasing its size by expanding farther into the vacuum with increasing delay time. The radius of the hemispherical shadow reaches a maximum of 720 m at approximately 14 ps and then fades gradually, maintaining its hemispherical shape for another 10 ps. The fading appears to result from the retraction of previously expelled electrons to the shadow region with concurrent formation and movement of a bright edge toward the copper surface. Eventually, the bright edge extends across the shadow edge of the copper surface and into the original shadow of the copper plate ͑40 ps͒.
Ultrafast shadow images obtained with the unfocused electron beam record the transient electric field in the entire plasma region at a given point of time, and the temporal sequence of these images shows the general features of the initiation and evolution of the field. 2, 3 The formation and expansion of a shadow in these images indicate that a region of repulsive electric field centered at the laser-excited sample spot is established and progressively extends its range of action, repelling passing probe electrons. Because this field drives electrons away, it is likely produced by the photoejected electron charge cloud from the copper surface. Extracting a more quantitative measurement of the underlying plasma dynamics beyond this mere qualitative description proves nontrivial, however, owing to the uncertainties intro- duced by such large area sampling. The temporal evolution of the shadow edge, one of the most distinct features recorded in these images, is an example. The location of the edge appears to be well defined and can be read out by fitting the edge intensity, but careful examination reveals that the observed edge position is determined by several factors. The original positions of the electrons deflected to this edge cannot be identified-they could be at the vicinity of the edge or farther away. More important, we found that the maximum size of the hemispherical shadow and the time it took to reach this maximum depends not only on the pump pulse energy but also on the probe electron beam energy. For example, under the same pump beam energy and sample conditions, the shadow produced with a 20 keV electron beam takes twice as long ͑ϳ34 ps͒ to reach its maximum as that produced using a 80 keV beam ͑ϳ14.4 ps͒ even though the general features of the shadow images were similar. The maximum shadow size in the images taken at 20 keV is also much larger ͑ϳ1740 m͒ than those recorded at 80 keV ͑720 m͒. Such complications make it difficult to extract plasma expansion dynamics by tracing the motions of shadow edge alone.
To obtain a more precise measurement of the transient electric field, we turned to electron deflectometry. By reducing the electron beam size to 75 m, the transient electric field at a given distance from copper surface can be measured by tracing the beam deflection as a function of delay time. In contrast to shadow imaging data, the beam intensity profile experiences minimal changes and is only slightly stretched along the deflection direction, and we can use the center-of-mass coordinates of the beam profile to measure beam position. In these measurements, the pinhole was placed along the midline of the hemispherical shadow images ͑line zzЈ in Fig. 2͒ such that the electron beam was only deflected along the normal direction of the surface. Two sets of deflectometry measurements are shown in Fig. 3 . The circles represent data taken with an 80 keV electron beam under a pump fluence of 2.20 J / cm 2 . The squares represent data obtained with a 20 keV electron beam under a pump fluence of 0.80 J / cm 2 . In both cases, the probe electron beam was set 140 m away from the copper surface. The pump fluence for the 20 keV probe beam was set significantly lower than that of the 80 keV beam to counterbalance its higher deflection sensitivity.
The temporal behavior of electron beam deflection is similar to that of the shadow edge motion recorded in a sequence of shadow images. As seen in Fig. 3 
Ignoring relativistic effects, we can calculate the transverse deflection of an electron passing through a timevarying electric field at distance z from the target surface using the following equation:
where E z ͑x , y , z , t͒ is the electric field component along the normal direction of the copper surface. The origin of the coordinates is set at the center of the excited spot, with the z-axis normal to the copper surface and the x-axis parallel to the incoming electron beam direction. In Eq. ͑1͒, T is the time delay between pump and probe pulses, and T = 0 corresponds to a time point when the pump optical and probe electron pulses meet at the sample excitation spot, t is the time elapsed after the pump optical pulse hits the target, l Ϸ 0.45 m is the distance ͑camera length͒ from the sample ͑x =0͒ to the electron detector, t 1 is the time for electrons to reach the detector, and v is the speed of probe electrons along the x-axis. According to Eq. ͑1͒, electrons sent at delay time T and propagating initially at distance z from the copper surface are deflected to a position defined as zЈ = z + d͑z , T͒ on a shadow image after traveling through the plasma field. The value of zЈ depends on both the initial electron position z and its deflection d. Because of the space-and time-varying nature of transient electric fields, electrons initially propagating farther from the copper surface ͑larger z values͒ can endure less deflection ͑smaller d values͒ and strike on the same location ͑same value zЈ = z + d͒ on the detector. Because of this uncertainty, the shadow edge alone provides an imprecise measurement of electron deflection. Both the development and fading of the hemispherical shadow and the electron beam deflection can be attributed to the transient electric field induced by the ejected electrons from the copper surface. In contrast to previous studies, 2 our experiments were conducted inside a UHV chamber with a base pressure lower than 1 ϫ 10 −9 torr, so the influence of the surrounding gas plasma encountered in earlier experiments can be ruled out. Moreover, at such an early stage, with delay time less than 50 ps, the ejected charge particles In both cases, the incoming electron beam was set 140 m away from the copper surface. The time zeros for the two curves are aligned for viewing purpose. Otherwise, the deflection curve taken with a 20 keV beam would be a bit more shifted toward to the left.
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are predominantly free electrons produced by both laserinduced multiphoton photoemission and the thermionic emission that results from ultrafast heating of conduction electrons. Positive ions and neutral atoms with the same thermal energy of electrons lag far behind the ejected electrons owing to their heavier mass, gathering at the surface region and farther from the passing probe beam. Consequently, their contribution to the transient field responsible for electron beam deflection is minimal compared with that of ejected electrons. When electrons are ejected from the sample and pile up near the surface, a strong local electric field builds up. This electric field pushes the nearby probe electrons away from their original track but leaves the trajectories of more distant probe electrons relatively unchanged, thus creating an electron deprivation region-a shadow-in the image ͑see Fig.  2͒ . The nearly hemispherical shape of the shadow formed during the first 10 ps implies that the electron cloud is nearly isotropic during this period. The subsequent fading of this shadow is mainly due to the self-expansion of the electron cloud. The ejected free electrons at the copper surface repel one another and create a large internal repulsive field ͑the space-charge effect͒, driving the electron cloud to expand rapidly outward. Initially this expansion pushes the cloud front approaching the probe electrons passing at a given distance above the sample surface. When the cloud front passes beyond this distance, however, an electric force pointing toward the sample starts acting on the passing electrons, deflecting the probe electron beam toward the copper surface and smearing the shadow edge ͑after 40 ps͒. In addition to the expansion of charge cloud, a possible retraction of some of the emitted electrons could also contribute to some extent to shadow edge smearing. The emitted electrons may move back into the target owing to both the repulsion from the earlier ejected electrons sitting at the charge cloud front ͑space-charge effect͒ and the attraction from the positive ions at the target surface. 14, 22 These effects are examined more quantitatively in the electron deflectometry measurements presented in the sections that follow.
B. Deflection dependence on probe beam energy
Both shadow imaging and deflectometry measurements depend on the energy of the probe electron beam, and this dependence can be primarily attributed to the relatively large region of interaction between the probe beam and the plasma field. As seen in Eq. ͑1͒, the recorded beam deflection d͑z , T͒ in the current experimental setup is the sum of the accumulated transverse displacement induced after the beam passes through a relatively large spatial range that encompasses the transient electric field. This effect is distinct from that in a typical femtosecond pump-probe experiment, in which the interaction volume, defined by the region in which pump and probe beams spatially overlap, is on a micrometer scale. In a setup with this small interaction volume, the time resolution is limited mainly by the pulse widths of pump and probe beams. In this study, however, the effective interaction range is on the scale of hundreds of micrometers owing to the long-range Coulomb force. For example, for a point charge Q centered at origin ͑x = y = z =0͒ and a 20 keV electron passing along the line ͑y =0,z = a͒, the observed beam deflection in the z direction is equal to the product of the transverse speed picked up from the Coulomb force and the flying time in the field-free drift region. We estimated that the electron field in the range −a / 2 Ͻ x Ͻ a / 2 accounts for only 45% of the total beam deflection ͑transverse speed increment͒, and the electric field in the range −a Ͻ x Ͻ a is responsible for approximately 70% of the total deflection.
This large interaction region affects the deflectometry measurements in two ways: ͑1͒ it downgrades the time resolution to several picoseconds, to the time it takes for electrons to cross the effective interaction region of 300 m. Consequently, the beam deflection curve displays a slightly elongated rising edge, and the lower the beam energy, the slower the rising edge. ͑2͒ The beam deflection is significant and sensitive to the speed ͑energy͒ of the probe beam under a given electric field strength, and the lower the electron energy the larger the beam deflection. Both of these effects are clearly shown in Fig. 3 , where deflection of the 20 keV beam is much greater than that of the 80 keV beam, and the rising edge of the 20 keV beam deflection curve ͑12.8 ps͒ is also longer than that of the 80 keV beam ͑10.7 ps͒.
Considering that the transit time across the interaction range for 20 keV electrons is twice that of 80 keV electrons ͑ 0 ͒, we can estimate the buildup time ͑ 2 ͒ of the plasma ͑electric͒ field by calculating the deconvolution of the rising edges of the deflected beams ͑ 3 ͒ using the Gaussian convolution formula, 1 2 + 2 2 = 3 2 . Assuming the time resolution 1 is 2 0 for the 20 keV beam and 0 for the 80 keV beam, we obtained respective values of 2 = 9.9 and 0 = 4.1 ps by substituting the two 3 values obtained in Fig. 3 . Thus it takes approximately 9.9 ps for the electric field to increase to its strength at maximum beam deflection under the current experimental conditions.
Because the electron transit time ͑ 0 = 4.1 ps͒ is much smaller than the buildup time of the electric field ͑9.9 ps͒, the average strength of the transient electric field at a given distance above the copper surface at a given delay time T can also be estimated from the deflection curve. If we define this averaged electric field as Ē z ͑z , T͒, Eq. ͑1͒ can be reduced to the following:
with the deflection data d͑z , T͒ being proportional to the averaged electric field. By substituting 0 = 4.1 ps, camera length l Ϸ 45 cm, and electron velocity v = 80 keV, the magnitude of the average electric field at the delay time when the beam experiences maximum deflection is estimated to be ϳ2.4ϫ 10 5 V / m at 140 m above the copper surface.
C. Deflection dependence on the passing distance of the beam
We also studied beam deflection as a function of its passing distance from the copper surface. The two sets of data, obtained at a pump fluence of 2.2 J / cm 2 and at distances of 140 and 220 m from the surface, are shown in Fig. 4 . Although these two curves share similar temporal characteristics, the deflection at the larger passing distance reaches a smaller maximum deflection ͑257 m͒ at a longer delay time ͑15.2 ps͒ compared to the larger maximum deflection of 510 m reached at an earlier time of 10.7 ps with the closer beam passing distance. Again, these features can be explained by the transient electric field associated with the expanding charge cloud above the target. As discussed earlier, the charge cloud is formed initially between the surface and the passing beam, then starts a self-expansion driven by the internal space-charge field, and eventually spreads its front over the passing beam line. Accordingly, the electron beam experiences a Coulomb force outward from the copper surface then inward toward it, making the time-dependent deflection curve shown in Fig. 4 . This picture of charge cloud expansion also predicts that the farther the passing electron beam is from the surface, the longer the time it takes for the electron cloud to cross over the passing beam, and consequently the longer it takes to reach maximum deflection. Several other features of the deflection curves can also be explained by this mechanism. The ratio of the two rising edges ͑15.2/ 10.7Ϸ 1.4͒ is about the same as the ratio of the two passing distances of probe electrons ͑220/ 140Ϸ 1.6͒, and the beam closer to the surface experiences more beam deflection than the beam passing farther away.
Assuming that the maximum beam deflection is attained at 10.7 ps, when the front of the expanding charge cloud reaches the position of the probe electron beam at 140 m from the copper surface, the speed of the expanding front is estimated to be ϳ1.4ϫ 10 7 m / s ͑550 eV͒. Such high-energy electrons have been observed using time-of-flight technique 23 and photoelectron spectroscopy 24 under similar experimental conditions, even though the origin of these fast electrons remains unresolved. Under a pump fluence of 2.2 J / cm 2 , it is impossible to emit electrons with such high energy with either multiphoton photoemission or thermionic emission. Most likely the fast electrons at the front of the expanding electron cloud acquired their energy from the internal repulsive electric field generated by the space-charge effect. 25 The finding that an electron beam farther from the sample surface takes a longer time to reach its deflection maximum helps us understand why the shadow images taken at lower beam energy take longer to reach maximum size. Slower electrons are more prone to the influence of an electric field, therefore experiencing larger beam deflection and yielding larger maximum shadow size than faster electrons under the same pump and sample conditions. In general, the larger maximum edge displacement should correspond to a larger effective beam passing distance z. In turn, the larger the value of z, the longer it takes for the electron cloud front to cross the probe beam and the longer it takes to reach maximum shadow size. Figure 5 shows electron deflectometry measurements at four distinct pump fluences ͑0.8, 1.5, 2.2, and 3.0 J / cm 2 ͒ obtained using an 80 keV electron beam passing at a fixed distance of 140 m from the sample surface. In these curves, the maximum beam deflection displays a linear dependence on pump fluence ͑see the inset͒, implying that the electric field strength ͑the number of ejected electrons͒ is proportional to pump fluence. This finding agrees well with previous theoretical predictions that thermionic emission dominates electron emission in the range of the pump energy used here because the thermionic emission is proportional to the excitation fluence.
D. Deflection dependence on pump fluence
14 Otherwise, we would expect an I 3 power dependence because three 800 nm photons are needed to eject an electron from copper via multiphoton photoemission. In addition, no saturation effect 3 was observed owing to the relatively low pump fluence used in our experiments. An interesting observation revealed in this power-dependence study is that all the deflection curves under different pump fluences appear to reach their maximum deflection at the same delay time of 10.7Ϯ 2 ps. It might be expected that higher pump fluence would generate more electrons, and more electrons tend to have a stronger space-charge effect for faster expansion of the charge cloud, which would lead to a shorter rising edge of deflection curve. So far the mechanism of this phenomenon remains unresolved, and more so- phisticated simulations using fluid model 13 and particle-in-cell 26, 27 methods are being carried out to gain insights into these related plasma dynamics.
IV. SUMMARY
We investigated plasma dynamics during the early stage of laser ablation by taking snapshots of the associated transient electric field with femtosecond electron pulses. By combining the complementary techniques of ultrafast electron shadow imaging and the electron deflectometry, we were able to gain not only a global view of plasma dynamics but also measure the averaged transient electric field at a given distance from the sample surface. The results show that the charge cloud above the target surface is composed predominantly of thermally ejected electrons and is selfexpanding, with a fast front-layer speed exceeding 10 7 m / s. A transient electric field at a distance of 140 m with a magnitude of ϳ2.4ϫ 10 5 V / m can be created when pumping a copper surface at a fluence of 2.2 J / cm 2 .
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